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Moving Detectors in Cavities
Nathaniel Obadia∗
Center for Astrophysics
The Weizmann Institute of Science
Rehovot, Israel
We consider two-level detectors, coupled to a quantum scalar field, moving inside cavities. We
highlight some pathological resonant effects due to abrupt boundaries, and decide to describe the
cavity by switching smoothly the interaction by a time-dependent gate-like function. Considering
uniformly accelerated trajectories, we show that some specific choices of non-adiabatic switching
have led to hazardous interpretations about the enhancement of the Unruh effect in cavities. More
specifically, we show that the emission/absorption ratio takes arbitrary high values according to the
emitted quanta properties and to the transients undergone at the entrance and the exit of the cavity,
independently of the acceleration. An explicit example is provided where we show that inertial and
uniformly accelerated world-lines can even lead to the same “pseudo-temperature”. In passing, we
also compute the deviation from the exact thermal response for a finite size cavity.
PACS numbers: 03.70.+k, 04.62.+v, 04.70.Dy, 12.20.-m
I. INTRODUCTION
Quantum vacuum effects constitute one of the most im-
portant classes of effects in quantum field theory. Among
them, because of the highlight it received from its analogy
with Hawking black hole radiation[1], the Unruh effect[2]
possesses a particular status. It states that a linearly
uniformly accelerating detector with proper acceleration
a reacts, in the vacuum, as if it was at rest in a thermal
bath of quanta with temperature ~a/2πckB. Many dis-
cussions arose and still arise around the validity[3, 4] and
the experimental feasibility[5] of this issue. In particu-
lar, whether or not some radiation is emitted is of much
debate, although the answer has already been clearly
demonstrated twenty years ago[6, 7] and [8]. Throughout
the literature, the same crucial details are sometimes by-
passed: radiation emission and other peculiar effects due
to non-adiabatic switching are often melted to the (de-
fined as above) Unruh effect, which, because of the uni-
form character of the acceleration, implies neither switch-
ing on nor off of the interaction.
However, this does not mean that such effects are
irrelevant[4, 8, 9, 10]. On the one hand, the study of non-
adiabatic vacuum effects is interesting in itself. On the
other hand, the framework of the “pure” Unruh effect is
far too idealistic, so that one should consider some of its
generalizations. From an experimental angle, switching
on and off the interaction is unavoidable and its conse-
quences have to be well understood, in particular with
respect to the radiation characteristics.
The aim of this article is to clarify the physics of mov-
ing detectors in cavities and eventually to correct one
example of the above mentioned questionable statements
that have been proposed in the literature. Namely, it
has been claimed in [11, 12, 13] that, by putting ac-
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celerated atoms in a single-mode semi-infinite cavity, a
significant enhancement of the emission/absorption ra-
tio occurs: from the thermal Unruh factor e−2πE/a it
becomes a/2πE. For accelerations that are small with
respect to the detector proper frequency E, but high
enough to reach experimental scales, the gain in tem-
perature is claimed to be as high as a hundred orders
of magnitude. We correct this assertion by pointing out
that this new value of the emission/absorption ratio is no
physically linked to the Unruh effect, to wit it is poorly
correlated to the acceleration and it mainly depends on
additional unquoted parameters. More precisely, we will
show that for a uniformly accelerated detector in a cav-
ity, 1) one only has a pseudo-thermal population since
the “temperature” strongly depends on the quanta kine-
matical characteristics (amplitude and direction), and 2)
the emission/absorption ratio significantly depends on
the Doppler effect undergone by the detector at the en-
trance and the exit of the cavity. In other words, the
origin of this phenomenon lies in transient effects and
not in steady-state physics. Our conclusion is that, for a
semi-infinite cavity as treated in [11, 12, 13], the corre-
sponding value of the pseudo-temperature associated to
co-propagating quanta scales as γ/τ2s k, γ being the de-
tector Lorentz factor at the entrance of the cavity, τs the
switching proper-lapse, and k the quanta wavelength.
In order to deal with these issues, we recall the usual
two-level detector model and some useful definitions in
Section II. Then, in Section III (as well as in Appendix
A), we look at non-adiabatic switching for inertial trajec-
tories as a useful warm-up. This enables us to shed some
light on the importance of properly defining the interac-
tion between the detector and the quantum field. Section
IV presents the results for uniformly accelerated motions
and introduces a useful and well-adapted switching func-
tion. The latter allows us to deal with semi-infinite cavity
specificities in Section V. We conclude in Section VI. Fi-
nally, in Appendices B and C, we review the intricate
mathematical properties of the transition amplitudes.
2II. THE SETTINGS
We consider a two-level detector (|−〉, |+〉), defined by
its energy gap E, that moves along a time-like trajectory
in 3 + 1 Minkowski space-time. This detector is coupled
to a massless scalar field Φ:
Φ(x) =
∫ +∞
−∞
d~k√
2(2π)
3
k
(
a~k e
−ikµxµ + a†~k e
+ikµx
µ
)
(1)
where a†~k and a~k are the creation and annihilation op-
erators obeying the usual commutation rules
[
a~k, a
†
~k′
]
=
δ(~k − ~k′). The interaction is localized along the detec-
tor trajectory xµ(τ), where τ is the proper-time. For
matter of simplicity, the coupling is chosen to be linear.
In order to control its switching on and off, the interac-
tion Hamiltonian contains an explicitly time dependent
function f(τ):
H(τ) = g f(τ)
(
eiEτ |+〉〈−| + e−iEτ |−〉〈+|) Φ(xµ(τ))(2)
where g is an a-dimensional coupling constant that is as-
sumed to be small. This constant is chosen such that
f(τ) takes values between 0 and 1. For instance, mim-
icking a perfect cavity necessitates a sharp finite-time
interaction, beginning at τi and ending at τf : fG(τ) =
Θ(τ − τi)Θ(τf − τ), where Θ is the Heaviside function.
If one assumes that the total system was in its vacuum
state |0〉, and that the detector was in its lowest state |−〉
in the infinite past, then the state of the system at any
proper-time τ is given by:
|Ψ−(τ)〉 = Tˆ e
−i
∫ τ
−∞
dτ ′ H(τ)
|0,−〉 , (3)
when Tˆ means time-ordering. In general, since one
controls both the beginning and the end of the inter-
action through f(τ), one can focus on the sole object
|Ψ−(τ = +∞)〉, while varying the properties of f . For
simplicity, we will denote this ket |Ψ∞− 〉 in the remainder
of the paper. In this way, our approach is similar to that
of a scattering process.
The physics of such moving detectors depend on two
degrees of freedom: the choice of the detector’s trajec-
tory xµ(τ), and the time-dependent character of the in-
teraction f(τ). In this article, we will only focus on
inertial and linearly uniformly accelerated trajectories.
Moreover, since we want to mimic interaction in cavities,
we will not consider any fuzzy f(τ) but rather gate-like
switching functions. The basic tools for the description
of the interaction are the transition amplitudes: the am-
plitude to create a particle of momentum ~k and simulta-
neously to raise the detector level is
A+,~k(E) ≡
(〈0|a~k ⊗ 〈+|) |Ψ∞− 〉 (4)
=
−ig√
2(2π)3k
∫ +∞
−∞
dτ f(τ) ei[Eτ+kµx
µ(τ)](5)
and its counterpart A−,~k ≡
(〈0|a~k ⊗ 〈−|) |Ψ∞+ 〉, which
corresponds to a lowering of the detector level when the
initial state is |+〉, is obtained by replacing E by −E in
Eq.(5). (As we focus on the first order in the perturba-
tion expansion, we are not interested in amplitudes such
as
(〈0|a~ka~k′ ⊗ 〈−|) |Ψ∞− 〉 for instance.) When using the
projectors over the subspaces containing one ~k−particle,
P±,~k ≡
(
a†~k|0〉 ⊗ |±〉
)(
〈±|⊗ 〈0|a~k
)
, the transition prob-
abilities to create a quanta ~k and to raise (lower) the
detector level naturally involve the previous amplitudes:
P±,~k(E) ≡ 〈Ψ∞∓ |P±,~k|Ψ∞∓ 〉 =
∣∣∣A±,~k
∣∣∣2 . (6)
Similarly, the probability to create a particle of energy |~k|
(whatever its momentum direction) and to raise (lower)
the detector level is
P±,k=|~k|(E) ≡
∫ 2π
0
dϕ
∫ π
0
dθ sin θ P±,~k . (7)
Finally, the probability to raise (lower) the detector level
independently of the particle created is
P±(E) ≡
∫ ∞
0
dk k2 P±,k . (8)
The previous objects allow to construct the
g−independent ratios defined by
r~k(E) ≡
P+,~k
P−,~k
, rk(E) ≡ P+,k
P−,k
, r(E) ≡ P+
P−
. (9)
When steady-state is reached, one assumes that the prin-
ciple of detailed balance holds[14], and the latter ratios
reflect the repartition between the ground state and the
excited one’s populations: n+/n− = P+/P−. As a com-
mon feature to all trajectories, when the gap E tends to
zero, then the emission and absorption processes become
equivalent, their corresponding amplitudes merge, and
all the previous ratios tend to one if they are mathemati-
cally well-defined. In addition, the ratios E−dependence
may exhibit interesting properties, such as exponential
decay for uniformly accelerated motions. This will be
the subject of Sections IV and V.
Before entering into these details, let us stress the spe-
cific situation we wish to consider. Here we are interested
in moving detectors in cavities. We will focus on linear
motions in the increasing z direction along the z axis. We
will assume that the cavity respects a cylindrical sym-
metry around this axis such that the integration over ϕ
trivially reduces to a 2π multiplying factor. Finally, θ is
the angle between the particle’s momentum ~k and ~z.
Moreover, let us be clear about the role of the switching
function: it is made to mimic a cavity that the detector
enters at some proper time τi and leaves at τf . To this
end, f(τ) takes values close to 1 in the interval [τi, τf ]
and decreases rapidly to 0 outwards.
3III. INERTIAL MOTION
In order to get a better understanding of the uniformly
accelerated motion physics, we first inspect the outcomes
of an inertial trajectory. It is usually admitted that in-
ertial motion does not lead to any particle creation pro-
cess. However this statement is only true in a steady
state regime. Indeed, transient effects generated by the
switching on and off of the interaction are sufficient to
put on mass shell a “pair” of particles, namely a real Φ-
particle accompanied by a (des-)exciton of the detector:
AI±,~k(E) =
−ig√
4πk
f±E+kξ(θ) , (10)
where fω =
∫ +∞
−∞ dτ f(τ)e
iωτ/2π is the Fourier compo-
nent of f(τ). The Doppler factor is ξ(θ) ≡ γ(1−~v.~k/k) =
γ(1 − v cos θ) ∈ [e−ν, eν ], where ~v = ~z tanh ν is the
detector’s constant speed, ν > 0 is the rapidity and
γ = 1/
√
1− v2 = cosh ν the Lorentz factor. As specific
examples, a co[counter]-propagating particle (θ = 0[π])
has ξ = e−ν [eν ], a transverse particle (θ = ±π/2) has
ξ = cosh ν. Note that only co-propagating quanta can
undergo arbitrary small Doppler effects; this particular-
ity will play an important role in the following.
Before probing transient effects, we recollect that for
a uniform coupling, f(τ) ≡ 1, the emission amplitude
identically vanishes AI
+,~k
∝ δ(E + kξ(θ)) ≡ 0, whereas
the absorption amplitude is non zero only at resonance
AI−,~k ∝ δ(E − kξ(θ)).
More generally, for any switching function, the emis-
sion/absorption ratios are straightforwardly given by
rI~k(E) =
∣∣∣∣ fE+kξ(θ)f−E+kξ(θ)
∣∣∣∣
2
, (11)
rIk(E) =
∫ eν
e−νdx |fE+kx|
2
∫ eν
e−ν
dx |f−E+kx|2
, (12)
rI(E) =
∫∞
0
dk k
∫ eν
e−ν
dx |fE+kx|2∫∞
0 dk k
∫ eν
e−νdx |f−E+kx|
2
=
∫∞
0 dk k |fE+k|
2
∫∞
0 dk k |f−E+k|
2 , (13)
where the velocity dependence explicitly vanishes in
Eq.(13) since the integration over all the possible modes
ensures the ratio rI to be a Lorentz invariant.
Describing a cavity can obviously be done by choosing
a gate function (for an extensive study, see e.g. [10]).
Thereby, it is foreseeable that abrupt boundaries gener-
ate resonant effects that give extreme values to the am-
plitudes, and consequently to the ratios. We address this
issue for completeness but, since this discussion some-
how lies out of the scope of this paper, we develop it in
Appendix A. Our main conclusion is that perfect bound-
aries should be discarded and switching functions have
to be carefully chosen in order to avoid resonant effects
and non-physical behavior of the amplitudes.
As our aim is to understand the physics of uniformly
accelerated detectors, note that a mere gaussian switch-
ing function provides exactly a “thermal” answer in the
inertial case:
fg(τ) = e
−(τ − τ0)2/2Λ2
⇒ grI~k = e
−4Λ2kξ(θ)E , (14)
which corresponds to a “temperature” Tg =
[4Λ2kξ(θ)]−1. If the gaussian function mimics ac-
curately the intensity of the interaction, then Λ is
roughly equal to its proper duration L/γv around τ0.
Therefore, this pseudo-temperature is expressed in
terms of the laboratory’s frame quantities and scales as
sinh2 ν/kL2ξ(θ). For given cavity length L and quanta
wave-vector k, counter-propagating or transverse modes
coupled to sufficiently relativistic detectors provide
Tg ∝ γ/L2k, whereas co-propagating modes give a
hotter component to the bath Tg ∝ γ3/L2k. The latter
is the consequence of the fact that only co-propagating
quanta can undergo arbitrary small Doppler effects.
When integrating over θ, the exact thermal fea-
ture disappears since the temperature in Eq.(14) is
θ−dependent. However, one recovers a pseudo-thermal
behavior for high energies since
grIk =
erf[Λ(E + keν)]− erf[Λ(E + ke−ν)]
erf[Λ(E − ke−ν)]− erf[Λ(E − keν)] (15)
behaves as e−4Λ
2ke−νE when ν and E are sufficiently
large, namely E ≫ keν ≫ ke−ν . (erf(x) =
2
∫ x
0 dt e
−t2/
√
π is the error function.) The integra-
tion keeps track of the hottest (co-propagating) modes
and, therefore, the pseudo-temperature also scales as
Tg ∝ γ3/L2k. Notwithstanding, any pseudo-thermal be-
havior vanishes in the k−integrated ratio since one ob-
tains
grI =
1−√πΛE(1− erf[ΛE])eΛ2E2
1 +
√
πΛE(1 + erf[ΛE])eΛ2E2
(16)
which scales as e−Λ
2E2/(ΛE)3 for large energies.
We addressed this academic issue to reach the follow-
ing statement: According to the last three equations, one
would not conclude that inertial detectors in a gaussian
cavity are thermally populated or that they undergo the
Unruh effect. One would rather interpret Eq.(14) as a
kind of artefact, noticing that Eq.(15) is just asymptot-
ically thermal and Eq.(16) not at all. We will somehow
apply a similar line of thought to uniformly accelerated
detectors in order to reach the same type of conclusion.
Before devoting ourselves to uniformly accelerated mo-
tion, it is interesting to point out that in the previous
study the choice of τi is irrelevant as long as τf − τi is
kept fixed. This is obviously due to the fact that the
Doppler shift is constant along the trajectory for inertial
trajectories; this will no longer occur in the next sections
when looking at uniformly accelerated motions.
4IV. UNIFORMLY ACCELERATED LINEAR
MOTION
Uniform acceleration is undergone by world-lines that
obey aµaµ ≡ d
2xµ
dτ2
d2xµ
dτ2
= −a2. When requiring that
the proper-time along the trajectory is oriented as the
Minkowski time, one obtains, for instance, the hyperbolic
trajectory xµ(τ) = (sinh(aτ)/a, 0, 0, cosh(aτ)/a).
The emission and the absorption amplitudes are no
longer trivially proportional to some Fourier components
of f(τ) but are given by:
AUA±,~k =
−ig√
2(2π)
3
k
∫ +∞
−∞
dτ f(τ) ei(±Eτ+k(1−cos θ)e
aτ/2a−k(1+cos θ)e−aτ/2a) . (17)
A. The Unruh effect
First, we recover the celebrated Unruh result for a uni-
form interaction, f(τ) ≡ 1. In Appendix B1, we reveal
how Eq.(17) can be re-written in terms of K modified
Bessel functions[15], for any off-axis quanta (cos θ 6= ±1),
so as to obtain
UAUA±,~k =
−2ig√
2(2π)
3
k
e∓πE/2a
a
(
1 + cos θ
1− cos θ
)±iE/2a
K±iE/a
[
k sin θ
a
]
. (18)
Since Kν(z) = K−ν(z) for any (ν, z), one finds that the
emission/absorption ratio is given by
UrUA~k = e
−2πE/a . (19)
When cos θ = ±1, the emission and absorption ampli-
tudes differ from Eq.(18); they are expressed in terms of
Gamma functions. However, the final outcome is iden-
tical, see Appendix B2, and on-axis quanta provide the
Unruh result Eq.(19), similarly to off-axis ones.
The main particularity of Eq.(19) is that it is inde-
pendent of the nature of the particles created, both of
the value of their wave-vector k, and of their direction θ,
although the detector possesses two dimensionful scales
a and E and a preferred direction ~z. Indeed, Eq.(18)
provides
∣∣∣UAUA±,~k
∣∣∣2 = e∓πE/a × F (~k, |E|). Therefore, the
other two ratios (UrUAk ,
UrUA) also reduce to the ther-
mal factor e−2πE/a. From the constancy of these ratios,
and when assuming the detailed balance principle, one
finds that the energy levels of the system are thermally
populated with temperature TU = a/2π[2]. Then, one
deduces that a uniformly accelerated two-level detector
feels the vacuum as if it was a thermal bath at tempera-
ture TU . Note also that if we had taken photons instead
of scalars, the index of the Bessel functions would have
been replaced by 1 ± iE/a and Eq.(19) would still hold
since [Kν(z ∈ R)]∗ = Kν∗(z ∈ R). [16]
B. Mimicking a cavity
In order to mimic a cavity, one could impose abrupt
boundaries as we did in Appendix A. However, we know
that such a choice leads to pathological values of the ra-
tios, liable to resonance effects. Therefore, we propose
the following switching function[17]:
f(τ) = e−η1e
−aτ−η2eaτ . (20)
Eq.(20) exhibits a plateau of value ∼ 1 which begins
around τi ≡ ln η1/a and finishes around τf ≡ − ln η2/a.
The switching duration is a few 1/a, independently of
the η’s in the η1η2 ≪ 1 regime[18]. Due to the hyper-
bolic character of the uniformly accelerated trajectory,
the movement points towards the increasing z for τ > 0
only, since v = tanh aτ . Therefore, mimicking injected
detectors in a cavity necessitates τi > 0 ⇔ η1 > 1. The
exiting time is related to the length L of the cavity by
coshaτf = aL + coshaτi. Thus the condition η1η2 ≪ 1
implies L ≫ 1/a. The usefulness of Eq.(20) lies in the
fact that this function is adjusted to the trajectory, since
its only dimensional quantity is precisely the accelera-
tion a. As a useful consequence, it preserves the ability
to express the amplitudes in terms of the same Bessel
functions:
5cavAUA±,~k =
−2ig√
2(2π)
3
k
e∓
E
2a
arctan(k+/η1)∓ E2a arctan(k−/η2)
a
(
η1
2 + k+
2
η22 + k−2
)±iE/4a
× K±iE/a
[
2(η1
2 + k+
2)
1/4
(η2
2 + k−2)
1/4
e
i
2
arctan(k+/η1)− i2 arctan(k−/η2)
]
, (21)
where k± ≡ k(1 ± cos θ)/2a. Detailed computations are
shown in Appendix C1, where we also stress that Eq.(20)
is not an arbitrary choice since it encodes the transition
amplitudes analytical properties.
Comparing Eq.(21) with Eqs.(18-19), one finds that,
for any off-axis process (k+k− 6= 0), the emis-
sion/absorption ratio is given by
cavrUA~k = e
−2E
a
(
arctan
[
k(1 + cos θ)e−aτi
2a
]
+ arctan
[
k(1− cos θ)eaτf
2a
])
. (22)
Eq.(22) is one of our main results and calls for some com-
ments. First, if one wants to retrieve exactly the Unruh
result, the interaction has to be uniform, i.e. one has to
take the double limit τi → −∞, τf → +∞. Both arctan
tend to π/2 and the amplitudes Eq.(21) (resp. the ratio
Eq.(22)) give back the Unruh amplitudes Eq.(18) (resp.
the Unruh ratio Eq.(19)). However, Eq.(22) also allows
to estimate the convergence to the Unruh ratio when the
lapse ∆τ = τf − τi becomes large. For instance, for
transverse quanta, the relative correction with respect to
Eq.(19) behaves as
cavrUA~k − UrUA~k
UrUA~k
≃ 8E
k
cosh
(
a(τf + τi)
2
)
e
−
a∆τ
2 .(23)
We believe that the exponential decay with respect to
the proper lapse is generically reobtained after resum-
mation over all the possible modes. Indeed, ∆τ is the
only Lorentz invariant of the problem and boosts along
the uniformly accelerated motion correspond to proper-
time translations. Since we chose the switching function
(20) such that it preserves the mathematical properties of
uniformly accelerated physics, this property should still
hold. Moreover, a similar exponential decay to the per-
fect Unruh picture has already been found in a closely
related previous work (see Eqs.(47) and (55) in [17]).
Second, the cautious reader may wonder why the limit
τi → τf does not provide a trivial result. The answer lies
in the fact that τi,f = ± ln η1,2/a reliably represent the
switching on and off times only in the limit τf−τi ≫ 1/a,
see [18].
Third, Eq.(22) means that the pseudo-temperature
obeys
1/T cav = 1/T cavi + 1/T
cav
f <
2π
a
, (24)
T cavi,f =
(
2
a
arctan
[
k(1 ± cos θ)e∓aτi,f /2a]
)−1
.(25)
Hence, the pseudo-temperature is always larger than the
Unruh temperature. This enhancement is due to the fact
that mimicking a cavity induces transients that “over-
heat” the detector, contrary to the Unruh picture whose
temperature is generated by steady-state coherent pro-
cesses. This interpretation goes with the results found
by looking at the non-vanishing Rindler flux during such
processes[8]. We refer again to a “pseudo-temperature”
since, contrary to Eq.(19), T cav depends on ~k, which pre-
vents from recovering thermal expressions for rUAk and
rUA, as we saw in the inertial case, Eqs.(15-16).
Fourth, a noticeable feature of Eqs.(24-25) is that
the pseudo-temperature is unbounded from above in the
k → 0 limit since it scales as T cav ∝ [a2/((1+cos θ)/η1+
(1 − cos θ)/η2)]/k. However, one can legitimately ques-
tion the meaning of considering extremely large wave-
lengths in finite size cavities. Indeed, one should expect
only a subset of modes to survive in a cavity. In order to
describe how the spectrum is modified, let us use the am-
plitudes WKB expressions (see [8, 17, 19, 20] for various
applications of this method). By inspecting Eq.(17) us-
ing Eq.(20) for transverse quanta, the integrand presents
a saddle time which obeys Re(aτ∗(k)) ≃ ln(E/k) in the
η1 > 1, η1η2 ≪ 1 regime. Therefore only the modes such
that 0 < τi < Re(τ
∗(k)) < τf are allowed within the
cavity. This reduces to
1
2aL
.
k
E
.
1
η1
(26)
6which we illustrate in Figs.(1) and (2) by computing
the energy density for the de-excitation process h =
k|cavAUA−,~k|2. By extending the size of the cavity, one al-
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FIG. 1: The energy density h (arbitrary units) as a function
of log
10
(k/a) for different values of log
10
(aL) (as marked).
The gap is E/a = 5 and the switching on time corresponds
to η1 = 2.
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FIG. 2: The energy density h (arbitrary units) as a function
of log
10
(k/a) for different values of log
10
η1 (as marked). The
gap is E/a = 5 and the cavity length is L = 1045/a.
lows the long wavelengths to be created. However, since
τi > 0, only k < E modes are allowed in any case. All
modes can participate if one allows the detector to ”come
and go”, i.e. if τi → −∞.
For a mode-blocked cavity, when considering off-axis
quanta, the value of this pseudo-temperature is dictated
by transient effects, i.e. by the switching times τi,f . We
illustrate the dependence of T cav with respect to τi and
L in Figs.(3) and (4).
From Eqs.(24-25) one learns that the “temperature” is
always larger than the Unruh value because of the switch-
ing effects. However, a greater enhancement of the ratios,
independent of k, has been claimed in the literature; the
corresponding situation is the subject of the next section.
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FIG. 3: The ratio T
cav
a/2π
as a function of aτi for different val-
ues of k/2a (as marked). We consider mode-blocked trans-
verse quanta (θ = pi/2) and a fixed cavity length L = 10/a.
When τi → ∞, βi → 0 and τf → ∞ causes βf → pi/a in
Eq.(24) which explains why T
cav
a/2π
→ 2. In all cases, the
pseudo-temperature is higher than the Unruh temperature.
It can be arbitrary high for small mode energies k and early
switching on times τi.
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FIG. 4: The ratio T
cav
a/2π
as a function of aL for different values
of k/2a (as marked) when θ = pi/2 and τi = 0. When L→∞,
βf → 0 and β → βi in Eq.(24). In all cases, the pseudo-
temperature is higher than the Unruh temperature. It can be
arbitrary high for small enough mode energies k. The always
decreasing character of T cav(L) can be understood directly
from the fact that βf is an increasing function of τf , therefore
of L. For very large cavities, the pseudo-temperature tends
to 1/βi = a/2 arctan(k/2a).
V. SEMI-INFINITE CAVITY
In this section, we focus on the physics obtained when
accelerating a detector from a given initial moment τi and
for a long time τf − τi≫ 1/a, 1/E, 1/k. This situation
is formally obtained by putting η2 to zero, while letting
η1 take any value larger than unity.
It has been claimed by Scully et al.[11, 12, 13] that, by
putting accelerated atoms in a single-mode cavity, a sig-
7nificant enhancement of the ”radiation” is produced such
that the emission/absorption ratio becomes a/2πE ≪ 1
instead of the thermal Unruh factor e−2πE/a ≪ 1. We
would like to comment on this, with the help of our pre-
vious expressions. Hu and Roura[21] contested such a
result by arguing that this great enhancement appears in
a regime in which the acceleration no longer plays a cru-
cial role. However, they did not give any explicit proof to
support this claim. The answer provided by the authors
of [11] to this objection is that the ratio being propor-
tional to the acceleration, the latter quantity can hardly
be called unrelated [12]. We want to remark that, in the
treatment of [11, 12, 13], apart from k, which is chosen to
be much larger than the acceleration a and the energy E,
the latter two values are the only dimensional quantities.
Therefore, any final a-dimensional outcome must depend
on a/E.
According to us, the very expression r~k = a/2πE is in
no way a brand new cavity-induced Unruh effect. There
are several (related) reasons for this.
1) Such a value of the ratio means a strongly
energy-dependent expression T ≃ E/ ln(2πE/a), which,
hence, can hardly be called “temperature”. As a
comparison, such is not the case in the so-called
“circular Unruh effect”[22, 23, 24], which provides
a poorly E−dependent temperature T = E/ ln(1 +
4
√
3e2
√
3E/aE/a) ∈ [a/4√3, a/2√3].
2) It is difficult to understand how the presence of a
cavity can transform a situation for which all the de-
tectors undergo the same thermal process (the original
Unruh effect) into a picture that describes a detector-
dependent and cavity-independent response, since T de-
pends on E and not on the cavity characteristics.[25]
3) Finally, a/2πE is not at all a maximal value of the
emission/absorption ratio, as we reveal by examining the
precise consequences of the Doppler effect in the same
situation as studied in [11], that is when θ = 0.
The emission/absorption ratio for co-propagating
quanta in a semi-cavity is
s.cavrUA~k = e
−4E
a
arctan(ke−aτi/a)
. (27)
(This result is not trivially obtained from Eq.(22) since
the latter contains the expression k−/η2 where both k−
and η2 are formally vanishing for co-propagating quanta
in semi-infinite cavities; details are provided in the Ap-
pendix C2.) Note that, in the limit of uniform coupling,
τi → −∞⇔ η1 → 0, one recovers the Unruh result since
rUA~k → e
−2πE/a.
Eq.(27) does not suffer from problems 1) and 2) since
the pseudo-temperature T s.cav = a/4 arctan(ke−aτi/a)
is energy-independent and cavity-dependent. More pre-
cisely, the ratio does not depend on the lapse during
which the interaction lasts (since it is infinite) but on
the moment when it begins, through the value of the
parameter η1: this is a straightforward signature of the
transients undergone at the entrance of the cavity.
Eq.(27) also addresses point 3). When “waiting”
enough, i.e. when assigning large values to η1 = e
aτi with
respect to unity, the emission/absoption ratio can be put
as high as one wishes while preserving r < 1. Since v =
tanh aτ , requiring large values of η1 =
√
(1 + vi)/(1− vi)
is equivalent to injecting the detector with a higher ve-
locity in the cavity, i.e. large γi’s. In this case, the
pseudo-temperature T s.cav ∝ γia2/k is proportional to
the square of the acceleration, and, as a sign of its
non-adiabatic origin, to the Lorentz factor at the en-
trance of the cavity in the high γi regime. Therefore,
a/2πE is just an intermediate value obtained for some
initial time τi(r = a/2πE) ≃ ln
[
4kE/a2 ln(2πE/a)
]
/a,
and constitutes in no way an upper limit for rUA~k since
the latter takes, as a function of τi, all values between
e−4E arctan(k/a)/a and 1, see Fig.(5).
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FIG. 5: The ratio s.cavrUA~k /(a/2piE) for co-propagating
quanta as a function of the Lorentz factor at the entrance
of the cavity γi = cosh(aτi) when k/a = 100 and for different
values of E/a (as marked). All curves go beyond unity at one
point, depending on the values of k/a and E/a.
The precise value of τi(r = a/2πE) depends on our
model, that is, on our choice of the switching function
Eq.(20). Had we chosen another f(τ) that allows ana-
lytical expressions, we would have found another value
of it[27]. However, the effect itself, that is the Doppler
boosted transient enhancement, is a common feature for
all (gate-like) f(τ). In order to grasp the reason why
τi(r = a/2πE) = 0 in [11, 12, 13], note that their
model is made out of abrupt boundaries (i.e. perfect gate
switching functions that we know to be pathological af-
ter Section II and Appendix A), and approximated in-
complete Gamma functions. Concerning the absence of
τi−dependence in the ratios found in [11, 12, 13], one
should notice that the authors chose to get rid of the two
boundaries dependence in two different ways: by putting
τf = +∞ as we did, and by assigning τi = 0 a pri-
ori, which obviously masked its effect. Therefore, as we
8already pointed out, their final ratio could not depend
clearly on any undergone Doppler effect at the entrance
of the cavity.
What is important is to notice that the main quan-
tity that drives the value of the emission/absorption ra-
tio for co-propagating quanta is the (exponentially small)
Doppler effect exerted on emitted quanta at the onset of
the interaction. The later the switching on, the smaller
the Doppler factor, the more red-shifted the emitted
quanta, the hotter the detector, and the larger the emis-
sion/absorption ratio.
Finally, note that the preceding results are consistent
with what we learned in Section III. Indeed, by look-
ing at co-propagating quanta for a ultra-relativistic con-
stant speed detector in a gaussian cavity, we found that
Eq.(15) provides the pseudo-temperature T g ∝ γ3/L2k.
Knowing that the undergone effect is due to the switch-
ing and not to the cavity length, and that both switch-
ing duration τs and interaction size L/γv scale as Λ
when choosing a gaussian profile, one can rewrite the
pseudo-temperature as T g ∝ γ/τ2s k. Now, noticing that
the switching time τs is precisely 1/a in the acceler-
ated case[18], T s.cav ∝ γia2/k can also be rewritten as
T s.cav ∝ γi/τ2s k. Therefore, the generic expression relat-
ing the pseudo-temperature Tk of a detector sensible to
co-propagating particles of momentum k, to the Lorentz
factor at the entrance of the cavity γs, and to the proper
switching lapse τs, can be obtained similarly for the in-
ertial and the uniformly accelerated case in the high γs
regime:
Tk ∝ γs/τ2s k . (28)
Eq.(28) prompts to follow Hu and Roura when they
state “when the emission is dominated by non-adiabatic
switch-on, the acceleration no longer plays a crucial
role”[21].
VI. CONCLUSION
A quantum system that undergoes linear uniform ac-
celeration in vacuum perceives a thermal bath at the Un-
ruh temperature a/2π[2]. If this system is bound to in-
teract with the surrounding quanta in a finite size cavity,
one expects the picture to differ from the original freely
propagating one. Indeed, if the cavity is a closed rigid
box, the configuration of the vacuum itself is different,
because of the Casimir effect[28]. Moreover, entering the
cavity, or equivalently switching on abruptly the interac-
tion, is a non-adiabatic process that alters the transition
amplitudes drastically. In order to treat this problem,
one can choose to consider “smooth” boundary condi-
tions by switching the interaction progressively on and off
along the trajectory with the help of a gate-like function
f(τ) that enters in the Hamiltonian expression, Eq.(2).
This was our choice along the present paper. This way,
the definition of the vacuum and the particle states stay
unmodified with respect to the free case, one can use the
interacting picture and focus solely on the switching ef-
fect. The slope of f(τ) is an estimate of the switching
non-adiabaticity and the transition amplitudes vary ac-
cording to the interplay between the detector gap E and
the Doppler-shifted quanta energy k(1± cos θ)e±aτ/2.
The main results of this paper are Eqs.(22) and
(27-28). They are obtained by introducing a simple
switching function (20) that enables analytical expres-
sions throughout. The first equation gives the emis-
sion/absorption ratio for any off-axis quanta, in a cav-
ity that a uniformly accelerated detector enters at τi and
leaves at τf . When these times are repelled at infinities,
one recovers the Unruh result, that is, a ~k−independent
thermal ratio. Otherwise, the ratio depends on the
quanta momentum, and the pseudo-temperature we ob-
tain is always greater than the Unruh temperature. It is
hardly acceptable to keep on calling this behavior “Unruh
effect” since neither thermality is achieved nor uniformity
of the coupling is respected[27].
The same conclusion applies to the result (27) which
concerns co-propagating quanta in semi-infinite cavities.
Contrary to the sole value rUA~k = a/2πE which has been
proposed in the literature[11, 12, 13], we find again that
the situation is only pseudo-thermal: Provided the detec-
tor enters the cavity late enough (i.e. with a sufficiently
large velocity), the pseudo-temperature is increased as
much as one wishes beyond the Unruh temperature, see
Fig.(5).
Finally, Eq.(28) shows that the pseudo-temperature is
formally independent of the acceleration since its expres-
sion applies as well to inertial trajectories in some cavi-
ties.
Moreover, one can learn two technical lessons from the
present work that may be applied to the experimental
study of the Unruh effect[5]. First, abrupt boundary
conditions are a dangerous choice since they lead to arte-
fact amplitudes that provide extreme values of the emis-
sion/absorption ratio (see Appendix A); smooth switch-
ings are more advisable although their structure has to
be well-defined. In the picture proposed in [29], it means
that one should have the undergone acceleration precisely
known around the selected nodes of the electro-magnetic
pattern in order to foresee the emitted radiation. Sec-
ondly, one should treat with extra care co-propagating
quanta since they experience the most extreme Doppler
effects (see Appendices B2 and C2). For instance, one
could avoid such problems by mode-blocking only trans-
verse photons[30].
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9APPENDIX A: GATE AND SMOOTH GATE
SWITCHING FUNCTIONS IN THE INERTIAL
CASE
1. Gate function
Mimicking a cavity of length L for a detector travelling
at speed v means that f(τ) has to be extremely small
outside [τi, τi + L/γv] and nearly 1 inside.
If we suppose that the interaction is strictly uniform
inside the cavity and totally vanishes outside, the in-
teraction is described by the pure gate (G) function
fG(τ) = Θ(τ−τi)Θ(τf−τ), which straightforwardly pro-
vides
Gfω =
sin (ω∆τ/2)
πω
eiω(τi+τf )/2 (A1)
and
GrI~k =
∣∣∣∣ sinc [(E + kξ(θ))∆τ/2]sinc [(E − kξ(θ))∆τ/2]
∣∣∣∣
2
, (A2)
where sinc(x) = sinx/x is the cardinal sine and ∆τ =
τf − τi = L/γv. Therefore, for detectors such that their
gap satisfy (±E + kξ(θ))∆τ = 2πn, n ∈ N∗, the ratio
GrI~k is zero (respectively infinite). This seems to mean
that, given E and according to the values of ~k, L and v,
an ensemble of detectors can be either altogether in the
lower state or excited when leaving the cavity, at least at
the first order in the perturbative expansion. These res-
onant energies do not exist any longer when integrating
over θ since GrIk is always finite:
GrIk =
h [(E + keν)∆τ ] − h [(E + ke−ν)∆τ ]
h [(E − ke−ν)∆τ ]− h [(E − keν)∆τ ] (A3)
with h(x) = (cos(x) − 1)/x + Si(x), where Si(x) =∫ x
0
dy sin(y)y is the Sine Integral. As h(x) is a mono-
tonic increasing function, neither the denominator nor
the numerator of Eq.(A3) can vanish. However, GrIk can
still take values above 1. Finally, the integral expression
of GrI is diverging in the UV limit[31]. From this we
learn that a perfect gate describing a cavity with abrupt
boundaries is a pathological choice that leads to resonant
effects, even in the simplest case of an inertial trajectory.
A fortiori, such a choice should be avoided for more com-
plicated world-lines.
2. Smooth gate function
In order to avoid such effects one can describe the cav-
ity by smoother boundaries. We show that, in this case
too, a great care has to be taken. To this end, let us
generalize the gate function and introduce a smooth gate
(SG) and its Fourier components:
fSG(τ) =
1
2
(
tanh
[
τ − τi
δ
]
− tanh
[
τ − τf
δ
])
(A4)
SGfω =
δ
2
sin (ω∆τ/2)
sinh (πωδ/2)
eiω(τf+τi)/2 . (A5)
δ is the typical lapse during which the interaction is
switched on (around τi) and off (around τf ); between
τi and τf , f(τ) ≃ 1, outside this interval it is exponen-
tially small; when δ → 0, one recovers the gate function
(and Eq.(A5) tends to Eq.(A1)). Using this function, the
emission/absorption ratio is given by
SGrI~k =
GrI~k ×
∣∣∣∣ sinhc [π(E − kξ(θ))δ/2]sinhc [π(E + kξ(θ))δ/2]
∣∣∣∣
2
(A6)
where sinhc(x) = sinhx/x is the cardinal hyperbolic sine.
One clearly sees that SGrI~k also exhibits vanishing and in-
finite values since the periodic zeros and poles of GrI~k are
not compensated by the non-periodic multiplying factor.
However, the entirely integrated ratio SGrI is finite and
always less than one, as shown in Fig.6. With this re-
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FIG. 6: The ratio SGrI as a function of E when ∆τ = 10 and
for different values of the switching lapse δ = 0.01 (plain),
δ = 0.1 (dashed) and δ = 1 (dashed dot). The ratio is always
below 1 and decreases to 0 as expected. Moreover, the shorter
the switching time, the higher SGrI . This is the signature of
transient effects.
spect, one realizes that even a smooth interaction can
lead to suspicious expressions for some specific wave-
vectors, but that resonant effects may disappear after
integration over θ and k. This example also tells us that,
for fixed cavity and quanta properties (same L and ξ),
the corresponding ratios differ significantly while varying
the switching δ.
The conclusion of this appendix is that one should be
extremely careful when modelling a cavity: one would
better avoid abrupt boundary conditions, of course, but
one should be aware that even smooth switching func-
tions can generate pathological ratios.
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APPENDIX B: THE UNRUH AMPLITUDES
In this appendix, we explicit how the amplitudes are
obtained when the detector is uniformly accelerated and
uniformly coupled to the field, i.e. f(τ) ≡ 1.
1. Off-axis quanta
According to Eq.(17), the emission and absorption am-
plitudes are proportional to the following integrals:
I± =
∫ +∞
−∞
dτ ei(±Eτ+k
1−cos θ
2a
eaτ−k 1+cos θ
2a
e−aτ ) (B1)
One can check that this expression is convergent by
making the change of variables t = eaτ . One gets∫∞
0 dt t
−1±iE/aeik−t−ik+/t. The behaviors at both lim-
its are of the same nature (it can be seen by changing t
for t′ = 1/t). The oscillatory exponential term ensures
convergence for t→∞ (e.g. as for a Cosine Integral).
When using x = aτ − α and k± ≡ k(1± cos θ)/2a one
gets
I± =
e±iEα/a
a
∫ +∞−α
−∞−α
dx
× ei(±Ex/a+k−eαex−k+e−αe−x)
=
e∓πE/2a
a
(
1 + cos θ
1− cos θ
)±iE/2a
×
∫ +∞−iπ/2
−∞−iπ/2
dy e−ze
y−ze−y±iEy/a
where the second expression is obtained by choos-
ing the parameter α such that α = iπ/2 +
ln
√
(1 + cos θ)/(1 − cos θ), and noting z = √k+k− =
k(sin θ)/2a,
By contour integration, one can show that the last in-
tegral can be dragged upon the real axis since it possesses
no pole and the boundary terms vanish. Therefore, the
amplitudes are mathematically well-defined and, since
2Kν(2z) =
∫ +∞
−∞ dy e
−ze−y−zey+νy, Re(z) > 0, one gets
Eq.(18).
2. Aligned quanta
According to Eq.(17), the relevant integrals for the on-
axis quanta differ if we consider the creation of a co-
propagating (p.) quanta or that of counter-propagating
(c.p.) ones:
Ip.± =
∫ +∞
−∞
dτ ei(±Eτ−k e
−aτ/a)
Ic.p.± =
∫ +∞
−∞
dτ ei(±Eτ+
k
a
eaτ ) .
Let us focus on the co-propagating emission amplitude
expression:
Ip.+ =
1
a
(
k
a
)iE/a ∫ ∞
0
dx x−1−iE/a e−ix
=
1
a
(
k
a
)iE/a
e−πE/2a
∫ i∞
0
dy y−1−iE/a e−y
where we used x = ke−aτ/a to obtain the second inte-
gral and y = eiπ/2x to obtain the third one. Contrary to
the off-axis case, one can see from the second formula-
tion above that this integral diverges in the x→ 0 limit.
A way to cure this divergency is to replace −iE/a by
−iE/a+ δ, where δ is any small positive constant. Let
us see in details how it should be done. The third integral
is the limit of
∫ iR
iǫ
dy y−1−iE/a e−y = iR−iE/a
∫ π/2
0
dθ eEθ/a e−Re
iθ
− iǫ−iE/a
∫ π/2
0
dθ eEθ/a e−ǫe
iθ
+
∫ R
ǫ
dy y−1−iE/a e−y ,
for ǫ → 0 and R → +∞, where the right-hand side has
been obtained by contour integration. When extending
analytically the properties of the energy into the complex
plane, and requiring that E = E + iaδ, 0 < δ ≪ 1, one
obtains the following behaviors for the right-hand side
of the preceding expression. The first term behaves as
Rδ
R+E/ae
πE/2a → 0 when R→∞; as we pointed out, the δ
term is not mandatory for the large modulus convergence.
The second term behaves as ǫδ aE (e
πE/2a − 1)→ 0 when
ǫ → 0, thanks to the ǫδ decaying term. Finally, the last
term tends to Γ(−iE/a + δ) since the Gamma function
is defined by Γ(x) =
∫∞
0 dt t
−1+xe−t, Re(x) > 0.
The integrals involved in the other amplitudes are
Ic.p.+ =
1
a
(
k
a
)−iE/a
e−πE/2a
∫ −i∞
0
dy y−1+iE/a e−y
Ip.− =
1
a
(
k
a
)−iE/a
e+πE/2a
∫ i∞
0
dy y−1+iE/a e−y
Ic.p.− =
1
a
(
k
a
)iE/a
e+πE/2a
∫ −i∞
0
dy y−1−iE/a e−y ,
and suffer from the same divergency as Ip.+ . By requiring
that E = E ± iaδ, 0 < δ ≪ 1 respectively for co- and
counter-propagating quanta for the emission amplitudes
(and inversely for the absorption amplitudes), one can
have ǫ→ 0 and R→ +∞ and write down the expression
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of all amplitudes
p.AUA±,~k =
−ig√
2(2π)
3
k
1
a
(
k
a
)±iE/a−δ
(B2)
×e∓πE/2a−iπδ/2 Γ(∓iE/a+ δ)
c.p.AUA±,~k =
−ig√
2(2π)
3
k
1
a
(
k
a
)∓iE/a−δ
(B3)
×e∓πE/2a+iπδ/2 Γ(±iE/a+ δ) .
Given that[15]
Γ(iα+ δ)∗ = Γ(−iα+ δ) ,
we find the celebrated Unruh result :
rUA~k =
∣∣∣∣∣
p.AUA
+,~k
p.AUA−,~k
∣∣∣∣∣
2
=
∣∣∣∣∣
c.p.AUA
+,~k
c.p.AUA−,~k
∣∣∣∣∣
2
(B4)
=
∣∣∣∣∣
p.AUA
+,~k
+ c.p.AUA
+,~k
p.AUA−,~k +
c.p.AUA−,~k
∣∣∣∣∣
2
= e−2πE/a ,
independently of δ, although the δ → 0 limit has not
been taken.
Note that conventionally, the limit δ → 0 is taken
and the amplitudes involve a mere Γ(±iE/a) term in
the literature. However one should remember that, if
this expression mathematically exists for example as the
ratio Γ(1 ± iE/a)/(±iE/a), or as a series representa-
tion, it does not as the integral representation Γ(z) =∫∞
0 dt t
−1+ze−t.
Note also that the p. (resp. c.p.) above amplitudes are
the cos θ → 1 (resp. −1) limit of the off-axis amplitudes
Eq.(18), when using the small argument behavior of the
Bessel functions[15] 2Kν(2z) ≃ zνΓ(−ν) + z−νΓ(ν) and
the same δ prescription.
APPENDIX C: THE MODIFIED AMPLITUDES
In this appendix, we explicit how the amplitudes are
obtained when the detector is uniformly accelerated and
coupled to the field via the function Eq.(20).
1. Off-axis quanta
In the case of off-axis quanta, the method is equivalent
to the one we expounded in the uniform coupling regime.
The integrals to be expressed are
I± =
∫ +∞
−∞
dτ e−η1e
−aτ−η2eaτ (C1)
×ei(±Eτ+k(1−cos θ)eaτ/2a−k(1+cos θ)e−aτ/2a)
=
e±iEα/a
a
∫ +∞−α
−∞−α
dx
e±iEx/a−(η2−ik−)e
αex−(η1+ik+)e−αe−x) , (C2)
where we used x = aτ − α. By choos-
ing the parameter α such that e2α = (η1 +
ik+)/(η2− ik−), i.e. α = ln
√
(η12 + k+
2)/(η22 + k−2) +
i
2 arctan(k+/η1)+
i
2 arctan(k−/η2), and noting z = (η1
2+
k+
2)1/4(η2
2 + k−2)1/4e
i
2
(arctan(k+/η1)−arctan(k−/η2)), one
obtains
I± =
1
a
(
η1
2 + k+
2
η22 + k−2
)±iE/4a ∫ +∞−α
−∞−α
dy e−ze
y−ze−y±iEy/a
× e∓ E2a (arctan(k+/η1)+arctan(k−/η2)) .
Once again, the remaining integral can be dragged on
the real axis and therefore one obtains Eq.(21). Inter-
esting is to remark that η1 and η2 of Eq.(20) actually
also define the analytical content of k±, as one can see
in Eq.(C2): k+ → k+ − iη1 , k− → k− + iη2. On the
top of the trivial crossing symmetry relation A−(−E) =
A+(E), one has the additional
cavAUA±,~k(k+, η1; k−, η2) =
−[cavAUA±,~k(k−, η2; k+, η1)]∗. This ensures that the pair-
creation process is invariant under time-reversal, defined
as θ → π − θ and τi,f → −τf,i.
2. Aligned quanta
Before computing the corresponding expressions, we
would like to focus on the fact that the rapid decay of
the switching function Eq.(20) ensures the convergence of
all expressions. Therefore, contrary to the everlasting in-
teraction case, the expressions will not involve ill-defined
Gamma functions but well-behaved Bessel ones. Never-
theless, taking the limit η1 → 0 or η2 → 0 will inevitably
lead to incoherences, as we shall show.
Let us focus on the co-propagating quanta. The rele-
vant integral is
∫ +∞
−∞
dτ e−η1e
−aτ−η2eaτ ei(±Eτ−ke
−aτ/a) (C3)
which is simply the expression Eq.(C1) when θ = 0. We
can blindly apply the same method as before to all the
amplitudes, noting the corresponding results by an over-
all˜:
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p.A˜UA±,~k =
−2ig
a
√
2(2π)
3
k
(η21 + k
2/a2)±iE/4aη∓iE/2a2 e
∓ E
2a
arctan(k/aη1)
× K±iE/a[2(η21 + k2/a2)1/4η1/22 e
i
2
arctan(k/aη1)] (C4)
Let us compute the emission/absorption ratio from the
previous expression. Since Kν(z) = K−ν(z) for any
(ν, z), the Bessel functions for emission and absorption
are equal and the ratio is given by
p.r˜UA~k = e
− 2E
a
arctan(k/aη1)
(C5)
First, note that the co-propagating ratio does not seem to
depend on the end of the interaction. This comes from
the fact that the corresponding Doppler factor patho-
logically vanishes. Secondly, this ratio tends to e−πE/a
when the switching on times is sent to −∞. This is the
square root of the Unruh result one should recover. How-
ever, we know already from the previous appendix that
the co-propagating integral representation is ill-defined if
the switching off time is sent to infinity. Therefore, al-
though p.r does not seem to depend on η2, one can not
take the limit η2 → 0 safely. This can be seen by re-
marking that the argument of the Bessel functions tends
to zero in this case. If one wishes to recover the Unruh
limit by sending the time limits of the interaction to in-
finity, one has to remember that an imaginary part has
to be given to the energy to make the integrals conver-
gent. The η2 → 0 limit causes the argument of the Bessel
functions to be small. Therefore, thanks to the relation
2Kν(2z) ≃ zν Γ(−ν) + z−ν Γ(ν) for small z, one finds
p.AUA±,~k ≃
−ig
a
√
2(2π)3k
(η21 + k
2/a2)±iE/4a−δ/4η∓iE/2a+δ/22 e
∓ E
2a
arctan(k/aη1)−i δ2 arctan(k/aη1)
×
[
(η21 + k
2/a2)±iE/4a−δ/4η±iE/2a−δ/22 e
∓ E
2a
arctan(k/aη1)−i δ2 arctan(k/aη1) Γ(∓iE/a+ δ)
+(η21 + k
2/a2)∓iE/4a+δ/4η∓iE/2a+δ/22 e
± E
2a
arctan(k/aη1)+i
δ
2
arctan(k/aη1) Γ(±iE/a− δ)
]
≃ −ig
a
√
2(2π)3k
×
[
(η21 + k
2/a2)±iE/2a−δ/2e∓
E
a
arctan(k/aη1)−iδ arctan(k/aη1) Γ(∓iE/a+ δ)
+η
∓iE/a+δ
2 Γ(±iE/a− δ)
]
η2→0−→ −ig
a
√
2(2π)
3
k
×
[
(η21 + k
2/a2)±iE/2a−δ/2e∓
E
a
arctan(k/aη1)−iδ arctan(k/aη1) Γ(∓iE/a+ δ)
]
. (C6)
Thus, for any η1 and for η2 = 0, the ratio is given by
p.rUA~k = e
−4E
a
arctan(k/aη1)
, (C7)
independently of the δ. One easily can check that the
η1 → 0 limit for Eq.(C6) provides the Unruh amplitude
Eq.(B2) as the ratio Eq.(C7) tends to e−
2piE
a . Obviously,
the same results are obtained for the counter-propagating
amplitudes, where the roles of η1 and η2 are exchanged.
[1] S. W. Hawking, Nature 258, 30 (1974). [2] W. G. Unruh, Phys. Rev. D 14, 870 (1976).
13
[3] S. De Bievre and M. Merkli, Class. Quant. Grav. 23,
6525 (2006).
[4] S. Y. Lin and B. L. Hu, Phys. Rev. D 73, 124018
(2006); “Where is the Unruh effect? - New insights
from exact solutions of uniformly accelerated detectors,”
arXiv:gr-qc/0611062.
[5] H. C. Rosu, Int. J. Theor. Phys. 44, 493 (2005).
[6] P. G. Grove, Class. Quantum Grav. 3, 801 (1986).
[7] D. J. Raine, D. W. Sciama and P. G. Grove, Proc. R.
Soc. Lond. 435, 205 (1991).
[8] S. Massar and R. Parentani, Phys. Rev. D 54, 7426
(1996).
[9] R. Parentani, Nucl. Phys. B 454, 227 (1995).
[10] L. Sriramkumar and T. Padmanabhan, Class. Quant.
Grav. 13, 2061 (1996).
[11] M. O. Scully et al., Phys. Rev. Lett. 91, 243004 (2003).
[12] M. O. Scully et al., Phys. Rev. Lett. 93, 129302 (2004).
[13] A. Belyanin et al., “Quantum electrodynamics of ac-
celerated atoms in free space and in confined cavities,”
arXiv:quant-ph/0412124.
[14] M. Spradlin, A. Strominger and A. Volovich,
“Les Houches lectures on de Sitter space,”
arXiv:hep-th/0110007.
[15] M. Abramovitz and I. A. Stegun, Handbook of Mathe-
matical functions (National Bureau of Standards, Wash-
ington D.C., 1964).
[16] This corrects an erroneous interpretation of Eq.(47) in
[13].
[17] N. Obadia and R. Parentani, Phys. Rev. D. 67, 024021
(2003).
[18] Actually, the maximum value is e−2
√
η1η2 and is obtained
at (τi + τf )/2 = ln(
p
η1/η2)/a. Therefore, the plateau
shape, its value one and its limits τi and τf are a good ap-
proximation only in the regime where η1η2 is sufficiently
small, i.e. when the duration of the interaction τf − τi
is sufficiently large with respect to that of the switching
1/a. This is the regime we consider from now on.
[19] R. Brout, S. Massar, R. Parentani and P. Spindel, Phys.
Rept. 260, 329 (1995).
[20] N. Obadia and R. Parentani, Phys. Rev. D. 67, 024022
(2003).
[21] B. L. Hu and A. Roura, Phys. Rev. Lett. 93, 129301
(2004).
[22] J. S. Bell and J. M. Leinaas, Nucl. Phys. B212, 131
(1983); Nucl. Phys. B284, 488 (1987).
[23] W. G. Unruh, Phys. Rept. 307, 163 (1998).
[24] N. Obadia and M. Milgrom, Phys. Rev. D. 75, 065006
(2007).
[25] As for the quarrel about whether this kind of departure
from the original Unruh picture can still be called Unruh
effect or is just a mere (but interesting) quantum field
phenomenon (since it involves non-adiabatic physics), we
follow Visser[26] and let the debate to linguistic experts.
[26] M. Visser, “Experimental Unruh radiation ?”, Matters
of Gravity, 17, Spring 2001. arXiv:gr-qc/0102044.
[27] In fact, one could also bypass the necessity of recover-
ing analytical expressions by inspecting the WKB ex-
pressions obtained from Eq.(17)[19]. However, as all ap-
proximations, the WKB one is efficient only for a certain
range of parameters and we wish our treatment to depend
as less as possible on the wave-vector k.
[28] H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 51, 793
(1948); G. Plunien, B. Mu¨ller and W. Greiner, Phys.
Rep. 134, 87 (1986).
[29] P. Chen and T. Tajima, Phys. Rev. Lett. 83, 256 (1999).
[30] R. Schu¨tzhold, G. Schaller and D. Habs, Phys. Rev. Lett.
97, 121302 (2006).
[31] However, some specific configurations provide physical
results. Indeed, when imposing kξ∆τ/2 = mpi/2,m ∈ N,
the sine contribution washes off and the ratio becomes
grI~k = |(E∆τ − pim/2)/(E∆τ + pim/2)|
2 < 1 for all
energies. This situation can be achieved, for instance,
if the cavity only allows transverse modes with k =
2piN/L,N ∈ N, and νm = arctanh(2N/m).
